Objective To measure the surface and intra-pulpal temperature increases in vitro on upper and lower anterior teeth during tooth whitening procedures. Method A thermocouple was used to measure the temperature increase on the surface of an extracted upper central incisor tooth. Intra-pulpal temperature readings were made on upper and lower central incisors, lateral incisors and canines. Four lamps recommended for tooth bleaching were tested; a plasma arc lamp, a xenon-halogen lamp, a standard halogen lamp and a diode laser lamp. Temperature measurements were made with and without the bleaching agent present on the labial tooth surface. Results The increase in surface temperature readings ranged from 0.44°C (luma arch) to 86.3°C (laser) with no bleaching gel present. Intrapulpal temperature increases ranged from 0.30°C to 15.96°C. The presence of the bleaching gel reduced temperature increases seen at the tooth surface and within the pulp. Conclusions The increase in the intrapulpal temperature with most bleaching lamps was below the critical threshold of a 5.50°C increase thought to produce irreversible pulpal damage. The only lamp that produced an intrapulpal temperature increase above this threshold was the laser-based lamp and caution is advised when using this equipment.
INTRODUCTION
Tooth whitening continues to grow in popularity as an effective, non-invasive method to alter the shade of teeth discoloured by either intrinsic or extrinsic stains. Bleaching products are available for use in the surgery, at home or both. In-office systems produce the most rapid results and a number of clinical studies have shown that bleaching techniques can alter tooth colour by [8] [9] [10] [11] [12] shades. 1 Most current in-office bleaching systems are based on hydrogen peroxide using concentrations of up to 35% applied as a paste or gel to the tooth surface. A concentrated light source is then applied to the tooth surface to increase the reaction rate and accelerate the decomposition of hydrogen peroxide to oxygen and perhydroxyl free radicals, which are thought to bleach the teeth. Manufacturers currently produce many different types of lights for use in tooth bleaching, including halogen, plasma arc, light emitting diodes and diode lasers. 1 Most of the light emitted by these lamps is within the visible spectrum, but some lamps also emit light in the near infrared or the ultraviolet spectrum. Some lights are designed solely to be used for tooth bleaching, while other lights are multipurpose, being used for bleaching and polymerisation of tooth coloured restorative materials.
Some clinicians have expressed concerns about using light as part of the bleaching process as the heat generated by the lamp could potentially lead to pulpal necrosis. 2 Zach and Cohen 3 related known surface temperature increases to histologically observable pulpal injury after periods of two, 14, 56 and 91 days in Rhesus monkeys. A soldering iron heated to 275°C was applied to the buccal surface of healthy teeth until the required temperature had been reached at the pulp wall. They found that 15% of teeth heated by 5.5°C and 60% of teeth heated by 11.1°C suffered irreversible damage. However, these threshold values have been questioned by some workers who suggest that these values should be higher. 4, 5 Pulpal temperature increases in relation to the curing of tooth coloured restorations is well documented and is a result of the exothermic setting reaction of the composite and the energy absorbed from the light used to initiate cure. 4, [6] [7] [8] [9] [10] Overall, these studies have reported a pulpal temperature increase of 10-14°C but most of the work in this area has been confined to conventional light curing units. Duret 11 found, however, that a plasma arc lamp (Apollo 95E) produced an intra-pulpal temperature rise of 2.2°C with a four second exposure time.
Sensitivity following bleaching procedures is a well-documented transient postoperative problem that could also be related to heat induced pulpal inflammation. 12 However, bleaching techniques not involving heat or light also produce sensitivity. 13 There is also some anecdotal evidence that bleaching leads to pulpal necrosis.
The aim of this study in vitro was to examine the heat generated by a selection of lights used as part of the bleaching process.
MATERIALS AND METHOD
A representative number of curing lights were used in this study namely:
Bleaching gels act as effective insulators helping prevent large increases in pulpal temperatures.  Most of the bleaching lamps tested did not raise the pulpal temperature to dangerous levels.  Care needs to be taken when using laser based lamps at high power settings. The Apolite is a plasma arc lamp that uses a high-frequency electrical field to generate its plasma energy. The Luma arch lamp is a xenon-halogen lamp that is composed of four bulbs in a semi-circular case that is used to activate a bleaching gel applied to the upper and lower anterior arches at the same time. The Optilux 501 is a powerful standard halogen lamp and the diode laser produces an output in the near infra-red region. The power output and spectral distributions of these lamps are given in Table 1 . The temperature increase produced by each lamp was measured with a K type thermocouple with a positive nickel-chromium arm and a negative nickel-aluminium arm. A change in temperature between the junction of the two alloys produces a voltage that is proportional to the temperature rise. This is known as the Seebeck effect.
The voltage generated was fed into an eight channel data logger (PICO TC-08; Pico Technology Ltd, Neots, Cambridgeshire) connected to a laptop computer. The thermocouple produced a voltage of 40 µV per degree Celsius. This signal was amplified by the data logger and fed into a 16-bit analog to digital converter. The data were sampled once every 40 msecs and this was fed into the Pico Log data-logging programme (Pico Technology Ltd, Neots, Cambridgeshire,) for Windows. This is a flexible data-logging package for collecting, analysing and displaying data. Data were collected at a rate of one reading every 40 msecs over the application time of each lamp.
The teeth chosen for the study were an upper and lower central incisor, lateral incisor and canine. Measurements were made either on the tooth surface or within the pulp chamber at room temperature with and without the presence of the bleaching gel on the tooth surface. Pulpal measurements were made by placing the thermocouple at the most coronal level of the pulp chamber and its position was checked using radiography ( Fig. 1) . The teeth were irradiated with the respective lamps according to each manufacturer's instructions. Specimens treated with the Apolite were irradiated for 3 s; specimens treated with the Optilux or diode laser were irradiated for 30 s and specimens treated with the Luma Arch were irradiated for 10 minutes. Each measurement was repeated six times for each individual light on each tooth type.
The allocation of light to tooth type was randomised and at least 30 minutes was allowed between replicate applications of the same light and between each light to allow the temperature to return to baseline. This was also confirmed by reference to the thermocouple reading. For the surface study it was suspected that the tooth type would not influence the temperature rise. The method was therefore piloted with one light applied to all teeth and duplicate readings taken. This gave temperature data within a very narrow band with no obvious pattern for tooth differences. Indeed, similar readings were found when the thermocouple was placed on the work surface. The surface study was therefore carried out using the upper central incisor with six readings taken for each light with and without bleaching gel. The same 30 min period was allowed between readings with the same light or between lights.
Approximately 0.5 ml of freshly mixed bleaching gel was applied to cover the labial surface of the test teeth. The bleaching agent (Quick white bleaching powder, Quickwhite, Canterbury) was prepared by mixing together 0.1 g of the quick white bleaching powder, containing fumed silica, photoactive colorants and dyes, with 0.5 ml of 35% hydrogen peroxide gel. The mixture was then applied to the enamel surface of the specimen to produce a uniform layer approximately 2 mm thick. The mixture was activated with each of the lamps placed just above the surface of the gel. The gel was removed and replaced for each temperature reading. That is, there were a total of 144 gel applications for the intrapulpal study and 24 for the surface study.
The dentine thickness at the horizontal cut surface of the tooth, which was just below the level of the amelocemental junction, was measured using electronic calipers accurate to 0.01 mm (Mitutoyo (UK) Ltd, Andover, Hampshire). Measurements were made from the pulpal dentine surface to the external root surface. Six measurements were made per specimen and a mean result reported.
Statistical methods
Inspection of the data indicated that the standard deviation for the different treatments with and without gels was very heterogeneous. Based on this, a pragmatic decision was made to analyse the data untransformed and with square root and logarithmic transformations. For the intrapulpal data, threeway analysis of variance was then used to test for differences between lights, tooth type and gel use together with their interactions.
Two-way analysis of variance was then performed to test for differences between light sources and gel together with their interaction.
For the surface study two-way analysis of variance was performed for differences between light source and gel together with their interaction.
Analysis of variance was also used to compare differences in the dentine thickness between the different tooth types.
RESULTS

Surface study
The mean and standard deviations of the temperature rise at the incisor surface with the four light sources with and without gel are shown in Table 2 . Observationally there were large differences between the lights both with and without gel, with the lowest temperature rise seen with the Luma Arc and the largest with the laser. The gel appeared to provide considerable insulation for each light, and temperature rises were much reduced. Two-way analysis of variance revealed highly significant differences between lights (P<0.001) and with and without gel for each light (P<0.001) together with significant interaction effects (P<0.001).
Intra-pulpal study
The mean and standard deviation of the temperature rises in the pulp chambers of the test teeth with each light with and without Without the bleaching gel, the increase in the pulpal temperature of the Apolite, Luma arc and Optilux lights ranged from 0.3-3°C. However, the laser diode lamp showed a much higher increase at 10.7°C. It is also interesting to note that the smallest teeth included in this study, that is, the upper and lower lateral incisors showed larger temperature increases compared to the canine teeth. This may partly be explained by differences in the thickness of the dentine between these tooth types. The simple measurements of the dentine thickness found that the dimensions of the lower central and lateral incisors were significantly different from the lower canine. No statistical differences between the upper teeth were found. However, these measurements were only made in a single plane, just below the amelocemental junction. In reality, the dentine thickness within a tooth will vary depending on the rate at which secondary and tertiary dentine is laid down. The addition of the bleaching gel to the system reduced the magnitude of the temperature rises, but the temperature increase with the laser diode was still significantly greater than the other lamps at 8.8°C. The tendency for temperature increases to be greater in the upper and lower lateral incisors was again present and for some of the lamps (Plasma arc and Luma arch) the temperature increases were approximately doubled compared with the canine.
Zach and Cohen 3 found in a monkey model that a 5.5°C temperature rise is likely to cause irreversible pulpal damage. However, these threshold values have been questioned by some workers 4, 5 who suggest that these values should be higher. If the threshold value of 5.5°C is applied to our data then the laser-based lamp may be capable of causing pulpal damage. The reason for this large intra-pulpal temperature rise is probably related to the gel are shown in Table 3 . Observationally, there are mean differences in temperature rises between the three potential variables of tooth type, light source and gel use. Tooth type without gel for each light shows in most cases that upper central and lateral incisors have lower temperature rises than their lower counterparts, but canines have similar temperature rises whether upper or lower in type. When gel is included, similar effects of tooth type can be seen albeit with fewer mean differences between upper and lower incisors with the light type. Both with and without gel differences between lights are clearly apparent with the least temperature rise seen with the Apolite source and most with the laser; Luma arc and Optilux being intermediate or very similar.
The gel appeared to provide an insulating effect and temperature rises were less in all teeth across all lights when gel was applied. Three-way analysis of variance based on untransformed or transformed data sets showed the mean effects of light source, tooth type and gel together with all interactions were highly significant (P<0.001).
Two-way analysis of variance based on untransformed and transformed data revealed that the variation between light sources was dominant (P<0.001) followed by gel (P<0.001). The gel by light source interaction was also significant (P<0.001) untransformed and log transformed data; P<0.01 square root transformed data).
The results of the variation in dentine thickness are shown in Table 5 . The values for the lower canine were significantly different from the lower central incisor (p<0.01) and from the lower lateral incisor (p<0.05). There were no statistically significant differences between the upper anterior teeth.
DISCUSSION
This study has reported the surface and pulpal temperature readings found on upper and lower anterior teeth during simulated tooth bleaching. The surface readings were found to be much higher than the pulpal readings. This is a consequence of the relatively low values for the thermal conduction of tooth tissue particularly dentine (1.36 x 10 -3 cal s -1 cm -2 ). 14 The consequence of this is that the transmission of heat in teeth occurs at a relatively low rate. 15 
Surface study
The increase in surface temperature obtained without the gel varied widely. The Optilux and Apolite lamps showed a similar temperature increase of 22-26°C. In comparison, the Luma arch lamp produced a much lower surface temperature rise of 3.4°C. The manufacturers claim that due to the presence of liquid based filters within the lamp there is virtually no heat build up and our data would seem to support this claim. Conversely, the laser diode lamp produced the highest surface temperature change at 86°C and this is probably due to the much higher power output compared to the other lamps (Table 1) .
However, the increase in surface temperatures obtained with the bleaching gel in place is more clinically relevant. The presence of the bleaching gel reduced the increase in surface temperature dramatically, by 87-96%. It therefore seems that the bleaching gel was acting as an efficient insulating layer. In addition to this the gel had large amounts of hydrogen peroxide (35%) and water. Evaporation of both of these components could potentially produce a cooling effect that would be transmitted to the thermocouple at the tooth surface. In spite of the insulating effects of the gel, the laser diode lamp produced a large temperature increase of 11.6°C that could potentially cause pulpal damage. However, it should be remembered that this temperature rise was achieved with the laser set at its upper limit for bleaching.
Intra-pulpal study
The increase in intra-pulpal temperatures with the various lamps followed a similar pattern as the surface temperature increases. greater power output of the laser lamp, which at 3W, is considerably greater than the other lamps (Table 1) . However, these findings must be interpreted with a certain amount of caution. An intact pulpal blood flow will act as an efficient heat sink, with the pulpal circulation being able to dissipate some of the applied heat before pulpal cells are damaged. 9 The current in vitro model was not able to replicate this, so it is possible that the 8.8°C intra-pulpal temperature rise recorded for the laser with lower incisors could, in reality, be less and therefore below the threshold for irreversible damage. Furthermore, the natural flow of fluid from the pulp and through the enamel and dentine was not simulated and this flow could also impede the transfer of heat to the pulpal tissues. The comments above can only be speculation since, except for the surface experiment; this type of study could not be conducted in vivo. Even a study in vivo on teeth undergoing root canal therapy would be less representative of the clinical situation than the present in vitro model. In a clinical study the thermocouple would not be totally enclosed in tooth tissues as it would be introduced through a coronal access cavity and there would be heat loss to the surrounding air introducing a potentially significant error.
In spite of these reservations, this study does demonstrate that the potential for pulpal damage with the laser is higher than for the other lamps and as such needs to be used with caution. Apart from the laser diode lamp, the other lamps show a moderate increase at the enamel surface of 0.4-2.7°C. This begs the question of how significant this temperature rise would be as part of the treatment process and whether it is necessary to apply an intense light source at all, as hydrogen peroxide breaks down under ambient light conditions. This will form the basis of a future study.
In conclusion, this study has shown that the use of a bleaching gel is able to offer a protective insulating layer against the surface and pulpal temperature increases that accompany the use of bleaching lamps. Some caution should be exercised in the use of lasers to activate the bleach, particularly if set at high power and/or used over extended time periods.
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